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Abstract:  The  insect  kinins  are  potent  diuretic  peptides  that  preferentially  form  a  cis -Pro,  type  VI 
fi-turn.  An  insect  kinin  analog  containing  (2S  AS)-4-aminopyroglutamate,  a  novel  cis  -peptide  bond, 
type  VI  p-turn  motif  demonstrates  significant  activity  in  the  physiological  range  in  a  cricket  diuretic 
assay.  This  is  the  first  instance  of  a  4 -aminopyro glutamate  analog  of  a  peptide  with  a  preference  for 
a  type  VI  turn  that  demonstrates  significant  bioactivity.  The  results  provide  further  confirmatory 
evidence  for  the  active  conformation  of  the  insect  kinins,  and  a  new  scaffold  with  which  to  design 
biostable,  peptidomimetic  analogs  capable  of  disrupting  critical  insect  kinin-regulated  processes  in 
insects.  ©  2004  Wiley  Periodicals,  Inc.*  Biopolymers  75:  412-419,  2004 

Keywords:  4 -aminopyro  glutamic  acid;  cis  -peptide  bond;  f3-turn  mimetic;  constrained  insect  kinin 
analog 


INTRODUCTION 

The  insect  kinins  share  a  highly  conserved  C-terminal 
pentapeptide  sequence  Phe-Xaa-Xbb-Trp-Gly-NH2, 
where  Xaa  can  be  Tyr,  His,  Ser,  or  Asn  and  Xbb  can  be 


Ala  but  is  generally  Ser  or  Pro.1  They  have  been  isolated 
from  a  number  of  insects,  including  species  of  Dic- 
tyoptera,  Lepidoptera,  and  Orthoptera.  The  first  mem¬ 
bers  of  this  insect  neuropeptide  family  were  isolated  on 
the  basis  of  their  ability  to  stimulate  contractions  of  the 
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4-AMINOPYROGLUTAMIC  ACID 


FIGURE  1  A  comparison  of  the  structures  of  the  tetrazole  (i//[CN4],  left)  and  4-aminopyroglu- 
tamic  acid  (APy;  right)  motifs,  mimics  of  the  cA-peptide  bond  (middle)  and  a  type  VI  /3-turn. 


isolated  cockroach  hindgut 2,3  but  they  are  also  potent 
diuretic  peptides  that  stimulate  the  secretion  of  primary 
urine  by  Malpighian  tubules,  organs  involved  in  the 
regulation  of  salt  and  water  balance.4  In  the  migratory 
locust  ( Locusta  migratoria )  the  insect  kinins  and  the 
corticotropin  releasing  factor(CRF)-related  peptide,  co¬ 
localized  in  locust  neurosecretory  cells,  act  synergisti- 
cally  to  stimulate  Malpighian  tubule  fluid  secretion.4,5  In 
the  housefly,  muscakinin  has  been  implicated  in  the 
control  of  diuresis  in  response  to  hypovolemia6  and 
elicits  a  four-  to  fivefold  increase  in  in  vitro  fluid  secre¬ 
tion  of  the  Malpighian  tubules,  more  than  twice  the 
response  observed  with  the  larger  CRF-related  Musca- 
DP  4,5  More  recently,  insect  kinins,  and/or  analogs,  have 
been  reported  to  inhibit  weight  gain  by  larvae  of  the 
tobacco  budworm  ( Heliothis  virescens)  and  com  ear- 
worm  ( Helicoverpa  zea ),7,8  both  serious  agricultural 
pests. 

Structurally,  the  insect  kinins  require  an  intact  C- 
terminal  pentapeptide  sequence  for  full  cockroach 
myotropic  and  cricket  diuretic  activity,  which  there¬ 
fore  represents  the  active  core.9  An  Ala-replacement 
analog  series  of  the  insect  kinin  active  core  region 
confirms  the  importance  of  the  Phe  and  Trp 
sidechains,  because  these  are  the  only  two  replace¬ 
ments  that  lead  to  complete  loss  of  myotropic  and 
diuretic  activity.10-12  Due  to  decreased  conforma¬ 
tional  freedom,  active  cyclic  analogs  are  more  useful 
for  defining  the  receptor-bound  conformation  than  are 
linear  analogs.  Analysis  of  the  conformations  adopted 
by  the  end-to-end,  cyclic  insect  kinin  analog  cy- 
c/tf(Ala-Phe-Phe-Pro-Trp-Gly),  in  which  distance  and 
angle  constraints  obtained  from  aqueous  NMR  spectra 
were  incorporated  into  molecular  dynamics  (MD)  cal¬ 
culations,  indicated  the  presence  of  two  turn  types 
over  two  distinct  sets  of  residues  within  the  active 
core  pentapeptide.  The  more  rigid  of  the  two  confor¬ 
mations  featured  a  cis -Pro  in  the  third  position  of  a 
type- VI  /3-turn  over  core  residues  1-4,  or  Phe-Phe- 
Pro-Trp  (Figure  1).  The  other  less  rigid  turn  system 


involved  a  trans- Pro  and  encompassed  residues  2-5, 
or  Phe-Pro-Trp-Gly.  From  unrestrained  MD  calcula¬ 
tions,  the  most  favorable  cis- Pro  structure  had  an 
intramolecular  energy  about  7  kcal/mol  lower  than  the 
most  favorable  trans- Pro  structure,  consistent  with 
NMR  data  that  indicated  that  the  cisPro  stmcture  was 
the  predominant  conformation  in  solution  by  a  60:40 
ratio.10-12  This  is  in  agreement  with  systematic  stud¬ 
ies  on  linear  peptides  with  Pro3  in  which  the  flanking 
aromatic  residues  promote  the  formation  of  type  VI 
/3-turns  in  aqueous  solution.13 

Although  the  available  evidence  (including  struc¬ 
ture-activity  studies)  was  most  supportive  of  the 
1-4  /3-turn  as  the  active  receptor  bound  conforma¬ 
tion,10-12,14  the  2-5  /3-turn  could  not  be  dismissed  as 
a  candidate.  To  obtain  more  evidence  for  one  of  the 
two  available  conformations  as  the  active  one,  an 
analog  containing  a  tetrazole  moiety  (Figure  1),  which 
could  preferentially  form  the  1-4  type  VI  /3- turn, 15 
was  synthesized  and  found  to  be  active  in  a  cricket 
diuretic  assay  in  the  physiological  range.16  A  combi¬ 
nation  of  NMR  spectroscopic  and  computer  modeling 
studies  indicated  that  the  tetrazole  analog  induced  a 
1-4,  type  VI  turn  in  aqueous  solution  and  that  forma¬ 
tion  of  the  alternative  2-5  turn  was  energetically 
unfavorable.16 

Here  we  report  on  the  synthesis  and  biological 
evaluation  of  an  insect  kinin  analog  containing  a 
novel,  (25',45,)-4-aminopyroglutamic  acid  (APy)  com¬ 
ponent  (Figure  1)  that  theoretical  and  solution  confor¬ 
mational  studies  suggest  mimics  the  cd-peptide  bond, 
type  VI  /3-turn  in  rigid  fashion.17-19  We  report  the  first 
instance  that  incorporation  of  the  novel  APy  compo¬ 
nent  into  a  peptide  sequence  whose  active  conforma¬ 
tion  has  been  shown  to  be  a  type  VI  /3-turn  leads  to 
significant  retention  of  biological  activity.  The  work 
provides  additional  confirmatory  evidence  that  this  is 
the  active  conformation  of  the  insect  kinins  in  the 
cricket  diuretic  bioassay  system. 
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MATERIALS  AND  METHODS 
Chemistry 

The  peptidomimetic  analog,  Ac-Arg-Phe[b]-(25,45)-APy- 
Trp-Gly-NH2,  was  synthesized  on  an  ABI  433A  Peptide 
Synthesizer  using  modified  FastMoc0.25  procedure  as  well 
as  manually  by  the  solid-phase  method,  using  the  Fmoc- 
strategy  and  starting  from  Rink  Amide  resin  (Novabiochem, 
0.53  mM/g).  The  Fmoc  protecting  group  was  removed  by 
20%  piperidine  in  DMF.  A  fourfold  excess  of  the  respective 
Fmoc-amino  acids  was  activated  in  situ  using  HBTU  (1  Eq)/ 
HOBt  (1  Eq)  in  NMP  (automated  synthesis)  or  DCM  (man¬ 
ual  synthesis)  and  coupling  reactions  were  base  catalyzed 
with  DIPEA  (4  equivalents).  Amino  acid  side-chain  protect¬ 
ing  groups  were  Pbf  for  Arg  and  Boc  for  Trp.  The  coupling 
of  Fmoc- (S,S) -4-aminopyroglutamic  acid  (Fmoc-APy-OH) 
derivative  during  manual  synthesis  was  mediated  by  PyBOP 
(instead  of  HBTU)  in  the  presence  of  DIEA  in  a  mixture  of 
NMP  and  DCM  (1:1  v/v).  The  synthesis  of  enantiomerically 
pure  Fmoc-APy-OH  has  been  described  elsewhere.20  The 
completeness  of  each  coupling  reaction  during  manual  syn¬ 
thesis  was  monitored  by  the  Kaiser  test.  A  second  coupling 
was  performed  when  the  test  was  found  positive.  Cleavage 
of  the  peptide  from  the  resin  with  side-chain  deprotection 
was  performed  by  treatment  with  trifluoracetic  acid  (TFA): 
H20:TIS  (95.5:2.5:2.5  v/v/v)  for  1.5  h.  The  total  volume  of 
the  TFA  filtrate  was  reduced  to  about  1  ml  and  the  peptides 
were  precipitated  with  cold  diethyl  ether.  The  solvents  were 
evaporated  under  reduced  pressure  and  the  resulting  mate¬ 
rials  dissolved  in  water  and  lyophilized. 

The  peptidomimetic  analog  was  purified  on  a  Waters  C18 
Sep  Pak  cartridge  and  a  S-Pak  C18  reverse-phase  column  (8 
X  100  mm,  15  jam  particle  size,  100  A  pore  size)  on  a 
Waters  510  HPLC  controlled  with  a  Millennium  2010  chro¬ 
matography  manager  system  (Waters,  Milford,  MA)  with 
detection  at  214  nm  at  ambient  temperature.  Solvent  A 
=  0.1%  aqueous  trifluoroacetic  acid  (TFA);  Solvent  B 
=  80%  aqueous  acetonitrile  containing  0.1%  TFA.  Condi¬ 
tions:  Initial  solvent  consisting  of  20%  B  was  followed  by 
the  Waters  linear  program  to  100%  B  over  40  min;  flow 
rate,  2  ml/min.  S-Pak  C-18  retention  time:  Ac-Arg-Phe- 
(2S,45)-APy-Trp-Gly-NH2,  tR  =  7.5  min.  The  analog  was 
further  purified  on  a  Waters  Protein  Pak  1125  column  (7.8 
X  300  mm)  (Milligen  Corp.,  Milford,  MA).  Conditions: 
Flow  rate:  2.0  ml/min;  Solvent  A  =  95%  acetonitrile  made 
to  0.01%  TFA;  Solvent  B  =  50%  aqueous  acetonitrile  made 
to  0.01%  TFA;  100%  A  isocratic  for  4  min,  then  a  linear 
program  to  100%  B  over  80  min.  WatPro  retention  time: 
Ac-Arg-Phe-(25,45)-APy-Trp-Gly-NH2,  tR  =  6.0  min. 
These  HPLC  conditions  have  been  described  in  detail  else¬ 
where.21  Amino  acid  analysis  was  carried  out  under  previ¬ 
ously  reported  conditions21  and  used  to  quantify  the  pep¬ 
tides  and  to  confirm  identity,  leading  to  the  following 
analysis:  Ac-Arg-Phe-(25,45)-APy-Trp-Gly-NH2;  G[1.2], 
F[1.0],  R[1.0].  The  identity  of  the  peptide  analog  was  con¬ 
firmed  via  MALDI-MS  on  a  Kratos  Kompact  Probe 
MALDI-MS  machine  (Kratos  Analytical,  Ltd.,  Manchester, 


UK)  with  the  presence  of  the  following  molecular  ion  (MH+): 
Ac-Arg-Phe-(25,45)-APy-Trp-Gly-NH2,  732.0  [MH+]. 

NMR  Spectroscopy 

NMR  spectra  were  acquired14,16  on  a  Bruker  ARX-500  500 
MHz  instrument  using  a  5  mm  Z-gradient  Bruker  HCN 
probe.  Samples  of  approximately  1  mM  concentration  were 
prepared  in  0.5  mL  10%  D20/H20  with  0.1  mM  DSS  as 
internal  standard  and  were  placed  in  5  mm  X  7  in.  Wilmad 
535-PP  sample  tubes.  All  spectra  were  acquired  in  nonspin¬ 
ning  mode.  Temperature  gradient  experiments  utilized  ID 
presaturation  water  suppressed  spectra  recorded  between  5 
and  45  °C  in  5°C  intervals  using  an  automated  procedure 
developed  in  our  laboratory  utilizing  an  FTS  Systems  Air- 
Jet  cooled  nitrogen  flow  set  at  —  20°C  as  cooling  source. 
Based  on  N-H  temperature  shift  coefficients,  these  experi¬ 
ments  indicated  that  no  permanent  amide  hydrogen  bonds 
were  present  in  the  analog  and  all  further  experiments  were 
performed  at  22°C.  Two-dimensional  (2D)  experiments 
were  acquired  using  512  increments  of  1024  data  points, 
with  zero  filling  to  produce  1024  data  points  in  both  dimen¬ 
sions.  Data  were  transformed  with  shifted  sine  bell  window 
function  using  the  linear  prediction  forward  correction 
Bruker  algorithm.  Peak  assignments  were  primarily 
based  on  data  derived  from  a  TOCSY  experiment  ac¬ 
quired  with  a  57-ms  mixing  period  and  WATERGATE 
solvent  suppression.  Assignments  were  verified  and  dis¬ 
tance  constraints  were  obtained  using  data  from  a 
ROESY  experiment  with  pulsed  9%  duty  cycle  high 
power  spinlock1  of  253 -ms  duration,  acquired  with  water 
suppression  through  pre saturation.  For  2D  spectroscopy  a 
2-s  relaxation  delay  between  experiments  was  used,  in¬ 
corporated  in  the  ROESY  experiment  as  the  presaturation 
period.  N-H  H-a  coupling  constants  were  measured  on 
the  ID  spectrum  taken  at  22°C. 

Molecular  Modeling 

Molecular  modeling  was  performed14,16  using  TRIPOS 
Sybyl  6.3  software  running  on  SGI  Indigo  or  02  computers. 
The  peptide  was  built  using  the  Biopolymers  subprogram 
with  the  turn  promoting  analog  being  prepared  by  modifi¬ 
cation  of  a  proline  residue.  Based  on  data  from  the  ROESY 
experiment  described  above,  13  nontrivial  distance  con¬ 
straints  were  included.  Due  to  computational  and  time  lim¬ 
itations,  modeling  experiments  were  performed  in  vacuo 
with  no  solvation.  No  correlations  were  noted  bridging  the 
residues  on  opposite  sides  of  the  APy  component.  ROESY 
peak  intensity  was  determined  by  counting  contours.  Gemi- 
nal  hydrogen  ROESY  intensities  were  used  for  reference  as 
a  strong  correlation.  Based  on  these  intensities,  strong  cor¬ 
relations  were  assigned  1.8 -2. 7  A,  medium  1.8 -3.3  A,  and 
weak  1.8-5  A.  Distance  geometry  was  used  to  prepare  four 
unique  starting  conformations  and  200  cycles  of  simulated 
annealing  were  performed  on  each  set.  Annealing  consisted 
of  heating  to  1000°C  for  100  ps  and  then  exponential 
cooling  to  200°C  over  2000  ps.  Annealed  conformers  were 
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Table  I  Diuretic  Activity  of  Peptidomimetic  Insect  Kinin  Analogs  in  the 


Cricket  Acheta  domesticus 

Peptidomimetic  Analog 

Stimulation  of  Malpighian  Tubule 
Fluid  Secretion-EC50  (10-7M) 
(%  maximal  response) 

Phe-Phe-t//[CN4]-Ala-Trp-Gly-NH2 

Ac-Arg-Phe-(25,45)-APy-Trp-Gly-NH2 

3.4  (100)  [95%CL  1. 6-7.2] 16 

1.4  (93)  [95%CL  1.4-1. 5] 

then  energy  minimized.  The  Tripos  force  field  was  used  as 
Wiener  values  are  not  available  for  the  APy  component. 
Due  to  computational  limitations,  experiments  were  con¬ 
ducted  in  vacuo ,  with  no  solvation.  Kollman  charges  were 
used  for  normal  amino  acid  components  with  Gasteiger- 
Huckel  charges  for  the  APy  atoms.  The  three  lowest  energy 
conformers  from  each  annealing  experiment  were  com¬ 
pared.  Two  sets  of  the  four  were  higher  in  energy  and 
differed  in  conformation  from  the  other  three,  which  were 
similar.  The  lowest  energy  form  from  this  set  of  six  was 
used  in  further  studies.  To  determine  the  effects  of  possible 
hydrogen  bonding,  medium  constraints  based  on  bonds  be¬ 
tween  all  possible  amide  to  backbone  carbonyls  around  the 
pyroglutamate  residue  were  prepared  from  the  lowest  en¬ 
ergy  form  and  50  annealing  cycles  were  performed  on  these 
forms.  Adding  two  of  the  hydrogen  bond  possibilities  as  a 
constraint  resulted  in  forms  slightly  lower  in  energy  than  the 
nonconstrained  models,  but,  as  the  temperature  gradient 
study  had  shown  that  no  permanent  hydrogen  bonds  were 
present,  a  dynamics  study  was  performed  at  low  tempera¬ 
ture.  Finally,  the  two  low  energy  conformers  from  this 
sequence  were  subjected  to  10,000  ps  of  dynamics  with  the 
hydrogen  bond  constraint  removed.  The  lowest  energy  con- 
former  from  this  set  was  used  for  the  graphics  shown.  In  a 
further  experiment,  NMR  constraints  were  removed  from 
the  lowest  energy  conformer  and  dynamics  at  200°  for 
100,000  fs  was  performed.  This  experiment  indicated  that 
the  area  near  the  APy  moiety  was  fairly  rigid  but  confor¬ 
mational  changes  occurred  more  readily  as  the  two  termini 
were  approached. 

The  same  low  energy  form  was  superimposed  on  an 
idealized  type  VI  turn  of  FFPWG-NH2  featuring  electro¬ 
static  interaction  between  the  Phe1  and  Trp4  aromatic 
sidechains  as  had  previously  observed  in  other  conforma- 
tionally  constrained  insect  kinin  analogs,  including  cy- 
c/<?[AFFPWG]. 10,14,16  Superposition  utilized  the  alpha, 
beta,  and  carbonyl  carbons  of  the  Phe  and  Trp  residues  of 
the  two  molecules  as  well  as  the  Pro  nitrogen  and  Phe-2 
carbonyl  of  the  idealized  turn  model  with  the  nitrogen  and 
carbonyl  carbons  of  the  APy  ring. 


Biology 

The  diuretic  assay  has  been  described  in  detail  elsewhere.4  In 
brief,  Malpighian  tubules  were  removed  from  adult  female 
crickets  6  to  12  days  old  and  were  transferred  to  5  /xL  drops  of 
bathing  solution  having  the  following  composition  (in  mM/L): 


NaCl,  82;  KC1, 27;  CaCl2, 2;  MgCl2,  8.5;  NaH2P04, 4;  NaOH, 
11;  glucose,  24;  proline,  10;  Hepes,  25.  The  pH  was  adjusted 
to  7.2  with  1  M  NaOH.  The  dissected  tubules  and  associated 
saline  droplets  are  held  under  liquid  paraffin.  Urine  escapes 
from  a  cut  made  close  to  the  proximal  end  of  the  tubule  and 
collects  as  a  discrete  droplet  in  the  paraffin.  Urine  samples  are 
collected  at  intervals  and  their  volume  determined  from  mea¬ 
surements  of  droplet  diameter  under  a  microscope.  After  a 
40-min  equilibration  period,  the  rate  of  secretion  was  measured 
over  two  40-min  periods  before  and  after  the  addition  of 
peptide  analogs.  Diuretic  activity  is  calculated  as  the  increase 
in  fluid  secretion  (A  nl/mm/min)  and  is  expressed  as  a  percent¬ 
age  of  the  response  to  a  supramaximal  dose  (10  nM)  of 
achetakinin-I  assayed  on  Malpighian  tubules  taken  from  the 
same  insect. 


RESULTS  AND  DISCUSSION 


Previous  evaluation  of  the  insect  kinin  analog  Phe- 
Phe-i//[CN4]-Ala-Trp-Gly-NH2,  incorporating  a  tetra- 

120-,  BCgo  =  1.42x1  O'7  M 


I - 1 - 1 - 1 - 1 - 1 - 1 

-10  -9  -8  -7  -6  -5  -4 

log  concentration  (M) 

FIGURE  2  Dose-response  curve  for  the  insect  kinin  an¬ 
alog  Ac-Arg-Phe-(2£,4£)-APy-Trp-Gly-NH2,  containing  a 
novel  cA-peptide  bond  mimetic  component,  in  stimulation 
of  Malpighian  tubule  fluid  secretion  in  the  cricket,  Acheta 
domesticus. 
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FIGURE  3  Low  energy  conformation  of  Ac-Arg-Phe-(2S,4S)-APy-Trp-Gly-NH2,  incorporating  a 
novel  mimic  of  the  cA-Pro,  type  VI  /3-turn,  obtained  from  a  solution  conformation  study  using  a 
combination  of  NMR  spectroscopic  data  and  molecular  modeling  (see  Materials  and  Methods).  The 
analog  demonstrates  a  preference  for  an  open  /3-turn  and  features  an  electrostatic  interaction 
between  the  aromatic  sidechains  of  Phe  and  Trp  that  brings  them  into  close  proximity. 


zole  moiety  (i//[CN4];  Figure  1),  in  a  cricket  diuretic 
assay  demonstrated  significant  activity  retention  in  the 
physiological  range,  with  an  EC50  of  3.4  X  10-7  M 
and  a  100%  maximal  response  (Table  I).  As  the 
tetrazole  is  a  mimic  of  a  ds-peptide  bond  type  VI 
/3-turn,15-17,22,23  it  provided  definitive  evidence  for 
the  active  conformation  of  the  insect  kinins  in  the 
cricket  diuretic  assay.  Using  computer  modeling  data, 
the  4-aminopyroglutamic  acid  moiety  (Figure  1)  has 
been  previously  proposed  by  Paul  et  al.17  to  mimic  the 
cd-peptide  bond  type  VI  /3-turn  in  rigid  fashion. 
However,  no  4-aminoglutamate  analog  of  a  peptide 
system  that  evidence  suggests  preferentially  forms  the 
type  VI  /3-tum  has  as  yet  been  both  synthesized  and 
found  to  retain  significant  biological  activity.  Follow¬ 


ing  synthesis  of  an  insect  kinin  analog  incorporating 
(2kS',45')-4-aminopyrogluamic  acid  (APy)  motif,  it  was 
evaluated  in  the  cricket  diuretic  assay  and  found  to 
demonstrate  an  EC50  of  1.4  X  10-7  M  and  93%  maxi¬ 
mal  response  (Table  I;  Figure  2),  2.5-fold  more  potent 
than  the  tetrazole  analog.  The  maximal  response  is  not 
significantly  different  from  that  of  the  tetrazole  analog. 
The  ( 2S,4S )  stereocehemistry  was  chosen  as  it  is  analo¬ 
gous  to  L,L  stereochemical  configuration  of  the  o:-car- 
bons  of  the  two  amino  acid  residues  displaced  by  the 
APy  moiety  in  the  insect  kinin  sequence.  This  therefore 
represents  the  first  example  of  an  APy  peptidomimetic 
analog  that  retains  significant  biological  activity. 

The  solution  conformation  of  the  novel  insect  kinin 
analog  was  investigated  using  a  combination  of  NMR 
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FIGURE  4  Low  energy  conformations  of  insect  kinin  analogs  Ac-Arg-Phe[b]-(2S,4S)-APy-Trp- 
Gly-NH2  (blue)  and  Phe-Phe-i/f[CN4]-Ala-Trp-Gly-NH2  (red),  which  incorporate  cA-Pro,  type  VI 
mimetic  components  (APy  and  tetrazole,  respectively),  readily  superimpose.  Both  analogs  demon¬ 
strate  a  preference  for  an  open  1-4  /3-turn,  and  the  Phe-Trp  sidechains  in  both  analogs  form  an 
electrostatic  interaction,  leading  to  a  common  aromatic  surface  that  is  postulated  to  be  an  important 
component  of  insect  kinin  receptor  interaction.9,10,14,16 


spectroscopic  data  and  molecular  modeling.  With  no 
hydrogen  bond  constraint  present,  the  low  energy 
conformers  exhibited  an  open  turn  structure  with 
some  flexibility.  The  model  indicated  fluxional  con¬ 
formations,  with  only  intermittent  hydrogen  bond  for¬ 
mation,  although  the  general  turn  shape  was  main¬ 
tained  (Figure  3).  An  electrostatic  interaction  between 
the  aromatic  sidechains  of  Phe  and  Trp  is  observed, 
which  brings  the  two  aromatic  rings  into  close  prox¬ 
imity,  as  observed  in  the  tetrazole  analog  and  native 
forms.9,10,14,16  The  conformational  studies  indicated 
that  the  APy  analog  demonstrated  a  preference  for  an 
open  type  Vi-like  /3-turn  over  residues  1-4  and  fur¬ 
ther  indicated  that  formation  of  the  alternate  turn  over 


residues  2-5  (featuring  a  trans- Pro  in  the  native  kinin 
sequences)  would  be  energetically  unfavorable.  In 
Figure  4,  it  can  be  seen  that  the  kinin  analogs  incor¬ 
porating  an  APy  and  a  tetrazole  moiety,  both  mim¬ 
ics15,17-19  of  a  cis- Pro  type  VI  /3-tum,  each  form  very 
similar  open  turns  that  can  be  readily  superimposed 
upon  one  another.  The  significant  activity  demon¬ 
strated  by  this  APy  analog  provides  further  confirma¬ 
tory  evidence  for  the  cis- Pro,  type  VI  /3-tum  (Figure 
5)  as  the  active  conformation  of  the  insect  kinin 
family  in  the  cricket  diuretic  bioassay.  In  addition, 
these  results  suggest  that  the  APy  component,  and  ste¬ 
reochemical  variants,  can  provide  another  scaffold  for 
the  design  of  new,  biostable  agonist  and/or  antagonist 
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FIGURE  5  Superposition  of  low  energy  conformation  of  the  insect  kinin  analog  Ac-Arg-Phe[b]- 
(2S,4S)-APy-Trp-Gly-NH2  (blue)  and  an  idealized  type  VI  /3-turn  over  residues  Phe-Phe-Pro-Trp  in 
the  insect  kinin  C-terminal  pentapeptide  core  Phe-Phe-Pro-Trp-Gly-NH2  (orange)  (see  Material  and 
Methods).  The  Phe  and  Trp  sidechains,  forming  an  electrostatic  interaction  that  leads  to  a  common 
aromatic  surface,  readily  superimpose;  as  do  the  cis  amide  bond  of  the  Pro  in  the  insect  kinin 
pentatpeptide  and  the  cis  amide  of  the  ring  in  the  APy  analog. 


analogs  of  this  important  class  of  insect  neuropeptides. 
Future  research  efforts  will  focus  on  the  synthesis,  de¬ 
termination  of  solution  conformation,  and  biological 
evaluation  of  the  other  three  stereochemical  APy  insect 
kinin  analogs  ( 2R,4R ),  ( 2S,4R )  and  ( 2R,4S ).  Biostable, 
peptidomimetic  analogs  can  potentially  disrupt  the  di¬ 
gestive  and  diuretic  processes  regulated  by  the  insect 
kinins  and  provide  new  candidates  for  future  pest  insect 
control  agents. 
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